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ABSTRACT Fluorescence microscopy provides a powerful method to directly observe single enzymes moving along a DNA
held in an extended conformation. In this work, we present results from single EcoRV enzymes labeled with quantum dots which
interact with DNA manipulated by double optical tweezers. The application of quantum dots facilitated accurate enzyme tracking
without photobleaching whereas the tweezers allowed us to precisely control the DNA extension. The labeling did not affect the
biochemical activity of EcoRV checked by directly observing DNA digestion on the single molecule level. We used this system to
demonstrate that during sliding, the enzyme stays in close contact with the DNA. Additionally, slight overstretching of the DNA
resulted in a signiﬁcant decrease of the 1D diffusion constant, which suggests that the deformation changes the energy land-
scape of the sliding interaction. Together with the simplicity of the setup, these results demonstrate that the combination of optical
tweezers with ﬂuorescence tracking is a powerful tool for the study of enzyme translocation along DNA.
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fluorescence into a valuable tool for the quantitative study of
diffusive or directed translocation of proteins along DNA
(1,2). In these approaches, DNA molecules were extended
either on a surface or using a flow and fluorescence was
usually detected by labeling with organic dyes (3–9).
In this study, we take this idea one step further and present
a system that combines single molecule fluorescence micros-
copy with dual optical tweezers. Using this system, we
measured the diffusion constant of single EcoRV type II
restriction enzymes (8) along a DNA molecule held in solu-
tion by tweezers-manipulated beads. As the fluorescent
probe we used semiconductor nanocrystals (quantum dots,
(QDots)), which combine brightness with high photostability
(10). The dual optical tweezers not only circumvent the need
of a flow application or a nearby surface for DNA extension,
but also allow for the localization of DNA molecules without
DNA-binding dyes that could potentially affect the protein
translocation (11). Furthermore, DNA extension can be
adjusted at will and overstretching of the DNA can be
achieved (12), which can yield new information about the
DNA-enzyme interaction. Although the combination of
optical tweezers with single molecule fluorescence tracking
has been realized using organic dyes (13–15) previously,
the superior brightness of the QDots enable localization suit-
able for accurate tracking without photobleaching. QDot
labeling has been previously reported for the in vitro study
of enzyme-DNA interactions (16), however, without the
benefit of tweezers-manipulated DNA. Moreover, we
directly observed for the first time, to our knowledge,
DNA cleavage by a single fluorescently-labeled restrictionenzyme, verifying that EcoRV activity is retained under
our experimental conditions.
Experiments were carried out on a standard setup for
single molecule fluorescence microscopy, which was
combined with a dual optical tweezers setup (see the Sup-
porting Material). Briefly, a fiber-coupled solid state laser
(5 W output, 1070 nm) was split via a polarizing beam
splitter into two independently steerable pathways which
were recombined by a second beam splitter before coupling
into the microscope. The trapping beams were imaged onto
the back aperture of an oil-immersion objective (PLAPON,
60x, NA 1.42, Olympus, Tokyo, Japan) by a hot beam
splitter placed below the standard beam splitter mount for
fluorescence imaging. The fluorescence emission of QDots
and the transmitted light from bright field illumination
were recorded on an ICCD camera (I-PentaMAX-512AEF,
Roper Scientific, Trenton, NJ). Beam tilting of the excitation
laser light allowed us to increase the fluorescence signal/
noise ratio significantly compared to epifluorescence illumi-
nation (17). Tracking of fluorescently-labeled enzymes was
achieved similar to previous experiments (8) whereas the
DNA extension was controlled by bright-field imaging of
the beads (Supporting Material).
DNA attachment between two beads was accomplished in
a single flow channel by attaching one bead to the surface
via a second DNA molecule (see Fig. 1 A and Movie S2 and
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FIGURE 1 Interaction of QDot-
labeled EcoRV with tweezers-
manipulated DNA. (A) Scheme of
the setup: a DNA molecule is
extended between two beads held
by double optical traps, respec-
tively. In addition, one of the beads
is attached to the surface via a
second DNA molecule. Enzymes
sliding along the DNAare detected
by the ﬂuorescence emission of a QDot. (B) Overlaid bright ﬁeld and ﬂuorescence image of the two trapped beads and two successive
sliding events of QDot-labeled enzymes on the extended DNA (129 nm/pixel). (C) Trajectories from the two interaction events recorded
in B in X (direction of DNA extension) and Y direction. Gaps in the trajectories are caused by ﬂuorescence intermittency. (D) MSD curves
calculated from the interaction events in B depend linearly on time at short times in X direction, which demonstrates the sliding of the
enzymes along the DNA. Nonlinear deviation at longer timescales can be explained by the stochastic nature of the linear diffusion
(compare Fig. 2).
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assembly of bead-DNA constructs and, in case of a rupture of
the DNA extended between the trapped beads, experiments
could be directly resumed by picking up a new construct
from the surface without the necessity of buffer exchange.
The surface attachment via a second DNA enabled us to
move the bead-DNA construct molecule far enough into the
solution (>3 mm) to prevent any interaction with the surface.
For fluorescence detection, a biotinylated EcoRV variant
was labeled with commercially available semiconductor
nanocrystals (Qdot 655, Invitrogen, Cergy, France), which
were excited by the 488 nm line from an Argon laser. To
ensure that QDot labeling did not alter the biological activity
of the enzyme, DNA digestion was tested and directly visu-
alized using a single-molecule assay based on surface-elon-
gated DNA containing a single cognate site (Supporting
Material).
Fig. 1 B–D (see also Movie S4) displays typical data
obtained from single QDot-labeled enzymes sliding along
a DNA molecule extended between two trapped beads. The
use of QDots facilitates enzyme tracking with 40 ms time
and 20 nm spatial resolution without restrictions by photo-
bleaching.AlthoughQDot fluorescence intermittency (‘‘blink-
ing’’) occasionally leads to gaps in the enzyme trajectories, it
does not affect the estimation of the enzyme diffusion constant
by mean-square displacement (MSD) calculation (Supporting
Material). Moreover, blinking can be used as a proof that the
recorded interaction events involved a single QDot (18).
Apart from moving the DNA away from the surface, our
setup allowed us to accurately adjust and determine the rela-
tive DNA extension sL (ratio of the end-to-end distance to the
DNA contour length). We used this facility to demonstrate
that during EcoRV interaction the enzyme follows the
DNA contour, i.e., small jumps below the spatial resolution
do not play a significant role in the observed translocation.
Would small jumps be mainly responsible for the enzyme
translocation, then the slope of the averaged MSD curves
versus time should not depend on the relative extension sL
of the DNA. In contrast, our data show that the slope
increases significantly when sL is increased from 65% to100% (Fig. 2 A). After correction for sL (8), however, we
find identical values for the D1 within the experimental error
(Fig. 2 B; D1 is 3.17 5 0.23  103 mm2/s, 3.01 5 0.2 
103 mm2/s, and 3.15 5 0.15  103 mm2/s for a DNA
extension of 65%, 80%, and 100%, respectively), which
confirms that sliding is the predominant mode of transloca-
tion of EcoRV along the DNA.
We also examined the translocation of QDot-labeled
enzymes on surface extended DNA (Supporting Material)
and obtained a similar value of D1 ¼ 3.17 5 0.38  103
mm2/s. This result shows that a nearby surface does not
significantly alter the sliding of the enzyme, justifying
previous experiments based on surface-attached DNA (8).
Note that the experimental error is reduced in the tweezers-
based setup, since the determination of sL, from which the
main error contribution to D1 stems, is in this case more
accurate. The reduced value of D1 for QDot-labeled EcoRV
compared to dye-labeled EcoRV (D1(QDot) z D1(dye)/3)
can be explained by the larger hydrodynamic radius of the
QDots compared to the enzyme, which leads to a decrease
of the diffusion constant. Jumps, i.e., direct observation of
fast 3D translocations larger than 200 nm (8), were also
observed (Supporting Material, Movie S5); however, the
limited number of jumps (15 jumps observed during 185
interaction events), made it difficult to deduce any quantita-
tive information from the distribution of the jump lengths.
FIGURE 2 Averaged MSD curves for different relative DNA
extensions. Shown are the curves without (A) and with (B)
correction for the relative extensions sL.
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biochemical activity of the enzyme,we used a single-molecule
assay to directly visualize DNA digestion by a single fluores-
cently-labeled EcoRV enzyme (Supporting Material, Movie
S6). Briefly, a DNA containing a single cognate site for
EcoRV (GATATC) was immobilized on a surface in an
extended conformation similar to previous experiments.
After incubation with QDot-labeled EcoRV in a buffer con-
taining Ca2þ, site recognition by the labeled enzymes was
observed as immobile bright spots on the extended DNA
molecules. Rapid DNA cleavage was induced by flushing
of the cell with a Mg2þ containing buffer, which ensures
that the QDot-labeled enzymes are still biochemically active.
To our knowledge, a direct observation of site recognition
and subsequent DNA cleavage by a single restriction enzyme
has never been reported before (2).
Although the extension-corrected D1 remains constant in
the sL range from 65% to 100%, a different behavior was
observed when the DNA was overstretched by only 5%
with respect to its contour length. Corrected by sL, the
measured D1 drops by more than 30% to 2.04 5 0.15
mm2/s, a reduction that is much larger than can be accounted
for by the experimental error. This indicates that the DNA
deformation induced by a slight overstretching changes the
energetic landscape of the sliding interaction. Although
a more detailed discussion is beyond the scope of this
work, this suggests that the DNA overstretching can yield
useful information about the sliding mechanism. DNA force
application is already a well established method to study the
binding of immobile enzymes to the DNA (19).
In summary, we measured the linear diffusion of single
QDot-labeled EcoRV on a DNA molecule extended by
optical tweezers. The biochemical activity of labeled
enzymes was validated by direct visualization of DNA
cleavage with a single molecule assay. Using different
DNA extensions, we could demonstrate that during sliding,
the enzyme stays most of the time in close contact with the
DNA, and that slight overstretching has a strong impact on
DNA-EcoRV interaction. Together with the simplicity of
our setup we are confident that our approach can be applied
to a wide variety of different DNA-enzyme interactions.
SUPPORTING MATERIAL
Methods and materials, figures, references, movies, and movie legends
are available at http://www.biophysj.org/biophysj/supplemental/S0006-
3495(09)005116.
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